The GAP domain of ExoT induces apoptosis in epithelial cells, but the mechanism underlying GAP-induced apoptosis remains unknown. Results: GAP domain activates JNK1/2, causes cytochrome c release, and activates caspase-9 and caspase-3. Conclusion: GAP domain of ExoT induces intrinsic apoptosis in epithelial cells. Significance: The GAP and the ADPRT domains make ExoT into a potent cytotoxin, capable of inducing different forms of apoptosis.
P. aeruginosa pathogenesis is a host defense mechanism involving ubiquitin ligase Cbl-b, which specifically targets ExoT, but not ExoS or ExoU, for proteasomal degradation (17) .
ExoT is a bi-functional protein possessing an N-terminal GTPase-activating protein (GAP) domain, which inhibits RhoA, Rac1, and Cdc42, small GTPases, and a C-terminal ADPribosyltransferase (ADPRT) domain, which targets Crk adaptor proteins and PGK1 glycolytic enzyme (18, 19) . Due to its multiple targets, ExoT performs a number of distinct virulence functions for P. aeruginosa. ExoT has been demonstrated to inhibit wound healing, alter actin cytoskeleton, function as an anti-internalization factor, cause cell rounding, inhibit cell migration, block cell division by targeting cytokinesis at multiple steps, and induce potent apoptosis in a variety of transformed and non-transformed epithelial cells (10 -12, 18, 20, 21) . Both the ADPRT and the GAP domains contribute to ExoT-induced apoptosis, although the ADPRT-induced cytotoxicity predominates (12) . The ADPRT domain activity induces apoptosis in epithelial cells within 8.5 Ϯ 1.3 h of exposure, whereas the GAP domain induces apoptosis in HeLa cells with slower kinetics within 16.2 Ϯ 1.3 h (12) . These data suggest that the GAP and the ADPRT domain activities target different apoptotic pathways to trigger cell death in infected host cells. Recently, we demonstrated that the ADPRT domain of ExoT, by ADP-ribosylating Crk adaptor protein, transforms this innocuous cellular protein into a cytotoxin that induces atypical anoikis apoptosis by disrupting focal adhesion sites and by interfering with the integrin survival signaling (13) . However, the mechanism underlying the GAP-induced apoptosis remains unknown.
In this study, we demonstrate that the GAP domain activity is both necessary and sufficient to induce the intrinsic pathway of apoptosis. We show that GAP domain intoxication results in JNK activation and increases in the mitochondrial localization of the pro-apoptotic proteins Bax and Bid, and to a lesser extent Bim, which in turn cause mitochondrial membrane disruption, cytochrome c release, and caspase-9 and caspase-3 activation, culminating in apoptosis.
Experimental Procedures
Cell Culture and Reagents-HeLa cells were cultured in complete DMEM (Life Technologies) containing phenol red supplemented with 10% FCS, 1% penicillin/streptomycin, and 1% L-glutamine at 37°C in the presence of 5% CO 2 . For transfection experiments, 0.4 g of plasmid DNA was used with Effectene (Qiagen) according to the manufacturer's protocol. The sources of antibodies (either mouse (Ms), or rabbit (Rb)) used in these studies are as follows SP600125 (JNK inhibitor), Z-LEHD-FMK (caspase-9 inhibitor), Z-DEVD-FMK (caspase-3 inhibitor), and Z-VAD (pancaspase-inhibitor) were obtained from R&D Systems. These inhibitors were reconstituted in DMSO per the manufacturer's instructions, and then added to HeLa cells at 20 M (for SP600125) or 60 M (for caspase inhibitors) final concentrations, 2 h prior to infection or transfection. An equivalent amount of DMSO (vector) was added to control cells.
Cytotoxicity Measurement by Time-lapse VideomicroscopyCytotoxicity measurement by time-lapse videomicroscopy was performed as described previously (21, 22) . Briefly, HeLa cells were grown in DMEM without phenol red with (for transfection studies) or without antibiotics (for infection studies) for 24 h. These cells were then transfected with the indicated expression vectors as described (11) or infected with the indicated strains as described (13) . 1 h after transfection or at the time of infection, cells were given 7 g/ml propidium iodide (Sigma) and then placed on an Axiovert Z1 microscope (Zeiss) fitted with a live-imaging culture box (Pecon) maintaining 37°C in the presence of 5% CO 2 . Time-lapse videos were taken using AxioVision 4.2.8 software. Cytotoxicity was determined from each frame, at 15-min interval, using the propidium iodide (PI) channel and analyzed in ImageJ v1.46 (National Institutes of Health) software by setting an appropriate threshold to isolate PI-positive cells, and image stacks were then analyzed for total positive pixels per frame, as we described previously (12, 22) .
Western Blot-Protein samples were assessed by Western blot as described previously (22, 23) . Briefly, cells were lysed following infection with 1% Triton X-100 containing a protease inhibitor mixture (Roche Diagnostics), 100 mM PMSF, and 100 mM Na 3 VO 4 . Lysates were mixed with 4ϫ SDS loading buffer and loaded onto 8 -12% SDS-polyacrylamide gels, depending on the size of the protein under study. After resolving, proteins were transferred to PVDF membranes, which were blocked with 5% milk, and probed overnight with primary antibody at 4°C. After washing, blots were probed with HRP-conjugated secondary antibody (Cell Signaling Technologies). Blots were developed with ECL or ECL Plus reagent (GE Healthcare). Films were developed with an autoprocessor.
Construction of Expression Vectors for Transient
Transfection-Restriction enzymes were purchased from New England Biolabs (Ipswich, MA). Primer sequences shown in lowercase below are not homologous to the chromosomal sequences and contain the engineered restriction sites. The pIRES2-EGFP mammalian vector (Clontech) was modified as follows. Using long PCR (24, 25) and primers EGFP-f3 (5Ј-aaaactagtATGGT-GAGCAAGGGCGAGG-3Ј) and EGFP-r2 (5Ј-aaaagctagcGG-ATCTGACGGTTCAC-3Ј), which contain SpeI and NheI, respectively, the intervening sequences between the promoter and the EGFP-coding sequence including the internal ribosomal entry site (IRES) were removed. Primers SS25-2 (5Ј-ccgctagcATGCATATTCAATCATCTCAGC-3Ј), with the engineered NheI site, and SS37 (5Ј-aacactagtTCACTTTACCTC-GCTCTCTAC-3Ј), with the engineered SpeI site, were used to amplify ExoT (G ϩ ), using pIRESKII-EGFP/T(2537), which contains GAP domain only (amino acids 1-232) as template (10), or to amplify ExoT (G Ϫ ), using pIRESKII-EGFP/T(2537)(R-149K), which contains inactive GAP domain only with R149K mutation in the GAP arginine finger motif (10) , as the template, using a PCR program, as described (26). These PCR products were then digested with NheI and SpeI and directionally cloned into the modified pIRES2-GFP vector to generate pExoT(G ϩ ) and pExoT(G Ϫ ), directly fused to GFP at their C termini. Transient Transfection-For transient transfection studies, we used Effectene (Qiagen, Valencia, CA), using the vendor's protocol.
Immunofluorescence (IF) Microscopy-IF microscopy was carried out as described previously (24) . Briefly, coverslips were treated with poly-L-lysine and 40 g/ml human fibronectin (Millipore) before seeding cells. Cells were treated with 200 nM MitoTracker Red CMXRos (Invitrogen) for 45 min prior to fixation and staining. After 24 h, cells were fixed with 10% icecold TCA for 10 min. Cells were permeabilized with 0.2% Triton X-100 (Sigma) for 15 min at room temperature, and then blocked with 3% FCS for 1 h at 37°C before staining overnight with primary antibody. Next, cells were washed three times with PBS before staining with conjugated secondary antibody, Alexa Fluor 594 or Alexa Fluor 488 (Life Technologies) for 1 h at 37°C. The coverslip was mounted on DAPI containing VectaMount (Vector Laboratories). Cells were imaged with AxioVision 4.2.8 software using an Axiovert Z1 microscope (Zeiss) using a 63ϫ objective.
Bacteria Strains and Plasmids-All bacterial strains and expression vectors and their sources are indicated in Table 1 . These isogenic strains were in PA103⌬exoU (⌬U) genetic background. For infection studies, bacteria were cultured overnight in Luria-Bertani (LB) broth at 37°C without shaking. In infection studies, bacteria were added at a multiplicity of infection (M.O.I.) of 10.
Statistical Analysis-Two-tailed Student t-tests, one-way analysis of variance with Tukey's post hoc test, and -squared analyses were used to assess significance with p Ͻ 0.05 considered significant. Analysis was carried out with Prism 6.0 (GraphPad).
Results
ExoT-induced Mitochondrial Disruption Is due to Its GAP Domain Activity-Previously, we demonstrated that ExoT intoxication resulted in loss of mitochondrial membrane potential (MMP) and cytochrome c release in HeLa cells 5 h after exposure to bacteria (12) . However, it remained unclear whether it was the activity of the ADPRT domain or the GAP domain that was responsible for this virulence phenotype. To address this question, we infected HeLa cells, at a multiplicity of infection (M.O.I.) of 10, with informative isogenic mutants of PA103, a clinical isolate that expresses ExoU and ExoT (15, 27) ,
, which carries an in-frame deletion in the exoU gene but expresses ExoT with a mutant ADPRT but functional GAP domain; PA103⌬exoU/exoT(G
, which carries an in-frame deletion in the exoU gene but expresses ExoT with a mutant GAP but functional ADPRT domain; PA103⌬exoU/⌬exoT (referred to as ⌬U⌬T), which carries in-frame deletions in the exoU and the exoT genes; or PA103 pscJ::gent R (T3SS mutant referred to as pscJ, which is unable to deliver T3SS effector proteins into host cells). These strains have been described previously (9 -13) ( Table 1) . Five hours after infection, we assessed loss of MMP by IF microscopy, using MitoCapture, as described (12) . MitoCapture is a cationic dye that accumulates and aggregates in intact mitochondria, resulting in punctate staining, but remains in the cytoplasm in its monomeric form upon disruption of the mitochondrial membrane potential, exhibiting diffuse staining. As a positive control, uninfected HeLa cells were treated with camptothecin, a known inducer of the mitochondrial intrinsic pathway (28) . As shown in Fig. 1A ExoT GAP Domain Induces Intrinsic Apoptosis NOVEMBER 27, 2015 • VOLUME 290 • NUMBER 48 also included in these studies as the negative control. Cytochrome c release was probed by IF microscopy using an antibody against cytochrome c (see "Experimental Procedures"). In HeLa cells transfected with pGFP or pExoT(G Ϫ A Ϫ ), cytochrome c staining was punctate (Fig. 1C) . This staining pattern is consistent with subcellular localization of cytochrome c in mitochondria (29) . In contrast, HeLa cells transfected with GAP-expressing pExoT(G ϩ A Ϫ ) exhibited diffuse cytoplasmic staining (Fig. 1C, middle panel, indicated by arrow) . This staining pattern has been reported in cells undergoing intrinsic apoptosis (29) . These data indicated that the GAP domain of ExoT was responsible for ExoT-induced mitochondrial membrane permeabilization and also pointed to the mitochondrial (intrinsic) pathway of apoptosis as the likely mechanism underlying GAP-induced apoptosis.
GAP Intoxication Alters the Mitochondrial Contents of Pro-and Anti-apoptotic Bcl-2 Proteins-Bcl-2 family proteins regulate mitochondrial outer membrane permeabilization (reviewed in Ref. 30) . Although pro-survival members (e.g. Bcl-2 and Bcl-xL ) preserve the integrity of the mitochondrial outer membrane, the pro-apoptotic members (e.g. Bax, Bid, and Bim) promote its permeabilization. Bcl-2, Bcl-xL , Bak, and Bim reside predominantly in the mitochondria, whereas Bax and Bid are mainly in the cytosol of healthy cells (30, 31) . In healthy cells, Bcl-2 and Bcl-xL prevent Bax accumulation and oligomerization in the mitochondrial membrane, thus maintaining mitochondrial integrity and promoting survival (30) . When intrinsic apoptosis is triggered, Bax becomes activated and undergoes a series of conformational changes that are necessary for its translocation to the mitochondrial membrane where it oligomerizes into large complexes, which permeabilize the mitochondrial outer membrane and cause the release of cytochrome c into the cytosol (30) . Bid and Bim are BH3-only proteins, which cannot permeabilize the mitochondrial membrane on their own. Rather, they promote apoptosis by binding Bcl-2 and Bcl-xL , freeing Bax to accumulate and oligomerize in the mitochondrial outer membrane, leading to permeabilization of mitochondrial outer membrane and the release of cytochrome c (30) .
To evaluate the impact of GAP intoxication on the dynamics of pro-and anti-apoptotic proteins, we performed an infection study where HeLa cells were infected with GAP-expressing ⌬U/T(G ϩ A Ϫ ) or the T3SS mutant pscJ, or treated with PBS ( Fig. 2, Mock) . We evaluated the levels of Bax, Bid, and Bim (pro-apoptotic) and Bcl-2 and Bcl-2 XL (anti-apoptotic) proteins in the mitochondrial and cytosolic fractions by Western blot 5 h after infection. The results indicated that although the mitochondrial levels of the anti-apoptotic Bcl-2 and Bcl-xL proteins remained unchanged in the GAP-intoxicated cells, the pro-apoptotic proteins Bax and Bid became substantially enriched in the mitochondrial membrane ( Fig. 2A) . Bim levels in the mitochondrial membrane showed more modest effects in that its three isoforms, (BimEL, BimL, and BimS, which are all capable of promoting apoptosis (32, 33)), were slightly increased in the mitochondrial fraction, although Bim was substantially up-regulated in the cytosolic fraction. We further corroborated these data by IF microscopy, probing for Bax (green) and the mitochondrial marker, MitoTracker (red). Consistent with our Western blot analysis ( Fig. 2A) , Bax was significantly up-regulated and formed globular complexes colocalizing with MitoTracker in HeLa cells that were infected with GAP-expressing ⌬U/T(G ϩ A Ϫ ) (Fig. 2, B and C, green panel, arrow points to a globular Bax structures in mitochondria). These data indicated that GAP intoxication results in accumulation and activation of Bax, Bid, and to a lesser extent Bim in mitochondria, where Bax oligomerization induces mitochondrial outer membrane permeabilization and initiates intrinsic apoptosis (31) .
GAP-induced Apoptosis Is in Part Mediated by JNK-Bax, Bid, and Bim accumulation in the mitochondrial membrane and their activation are largely, but not completely, dependent on JNK (34, 35) . Activated (phosphorylated) JNK (particularly JNK1 and JNK2 isoforms) initiate apoptotic signaling either directly by activating and mobilizing Bax and Bid proteins to the mitochondrial membrane or indirectly by activating specific transcription factors such as c-Jun (through phosphorylation), which in turn up-regulate the expression of pro-apoptotic proteins (34, 36 -38) . We assessed the impact of GAP intoxication on JNK1/2 and c-Jun expression and activation, using the aforementioned infection study. As indicated in Fig. 3A , infec- ExoT GAP Domain Induces Intrinsic Apoptosis NOVEMBER 27, 2015 • VOLUME 290 • NUMBER 48
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tion with GAP-expressing ⌬U/T(G ϩ A Ϫ ) resulted in increased expression of JNK1/2 and c-Jun and their activation (phospho-JNK1/2 and phospho-c-Jun) at 5 h after infection. To further evaluate the role of JNK in mediating GAP-induced apoptosis, we repeated the aforementioned infection studies in the presence or absence of JNK inhibitor SP600125 (added 2 h prior to infection) and evaluated GAP-induced cytotoxicity by timelapse videomicroscopy using PI uptake as a marker for cell death, as we described previously (13, 22) . JNK inhibition by SP600125 partially protected HeLa cells against the GAP-induced apoptosis (Fig. 3, B and C) .
Caspase-9 Activation Is Required for GAP-mediated Apoptosis-Mitochondrial membrane disruption by Bax and the subsequent release of cytochrome c result in activation (cleavage) of the initiator caspase-9 through the apoptosome (39). We conducted a time course infection study to evaluate the impact of GAP intoxication on caspase-9 activation. HeLa cells were infected with GAP-expressing ⌬U/T(G ϩ A Ϫ ) or T3SS-defective mutant pscJ, or treated with PBS (indicated by Mock). Cells were harvested at 5, 10, and 15 h after infection and were evaluated for caspase-9 activation by Western blotting. (These time points were chosen based on the kinetics of GAP-induced apo- Ϫ ), resulted in substantial caspase-9 activation by 10 h after infection, as manifested by p35 and p37 cleaved products of caspase-9. However, by 15 h after infection, no caspase-9 (cleaved or un-cleaved) could be detected in HeLa cells infected with GAP-expressing ⌬U/T(G ϩ A Ϫ ), likely reflecting the apoptotic environment of GAP-intoxicated cells at this time point. There was also some caspase-9 activation in response to infection with the T3SS mutant strain pscJ, but this level of caspase-9 activation was not sufficient to result in significant apoptosis (Fig. 3, B and C) (12) . To determine whether the GAP domain of ExoT was sufficient to activate caspase-9 in the absence of other bacterial factors, we transfected HeLa cells with mammalian expression vectors harboring functional GAP (pExoT(G ϩ A Ϫ )) or inactive ExoT mutant (pExoT(G Ϫ A Ϫ )), both fused to GFP at the C terminus, or the empty control vector (pGFP). Caspase-9 activation was probed by IF microscopy using an antibody against activated caspase-9. As can been seen in Fig. 4B , transient transfection with pExoT(G ϩ A Ϫ ), but not with pExoT(G Ϫ A Ϫ ) or pGFP empty vector, resulted in caspase-9 activation.
Mitochondrial membrane permeabilization can also result in caspase-9-independent cell death (30). We next sought to determine the dependence of GAP-induced cell death on caspase-9 activation. To this end, HeLa cells were pretreated either with caspase-9-specific inhibitor Z-LEHD-FMK (40) or with vehicle (indicated by Mock) for 2 h prior to infection with GAP-expressing ⌬U/T(G ϩ A Ϫ ) or the T3SS-defective mutant strain pscJ. Caspase-9 inhibition by Z-LEHD-FMK nearly completely blocked the GAP-induced cytotoxicity, indicating that GAP-induced apoptosis is mediated by caspase-9 initiator caspase (Fig. 5) .
GAP-induced Apoptosis Is Mediated by Caspase-3-Activated caspase-9 activates executioner caspases, particularly caspase-3, which carry out cellular demise (39) . We next evaluated the impact of GAP intoxication on caspase-3 activation. HeLa cells were infected with GAP-expressing ⌬U/T(G ϩ A Ϫ ) or T3SS-defective mutant pscJ, at M.O.I. of 10, or treated with PBS (indicated by Mock). Cells were harvested at 5, 10, and 15 h after infection and were evaluated for caspase-3 activation by Western blotting. Similar to caspase-9, infection with GAPexpressing ⌬U/T(G ϩ A Ϫ ) also led to caspase-3 activation by 10 h after infection, as manifested by p18 cleaved/active product of caspase-3 (Fig. 6A) . Corroborating these data, transient transfection with pExoT(G ϩ A Ϫ ), but not pExoT (G Ϫ A Ϫ ) or pGFP control vector, also resulted in caspase-3 activation, indicating that GAP domain activity is sufficient to activate 
, both fused to GFP at their C termini, or empty vector (pGFP). 20 h after transfection cells were fixed and probed for activated caspase-9, using an antibody that binds active caspase-9, by IF microscopy. Note that expression of GAP results in caspase-9 activation. caspase-3 (Fig. 6B) . Combined, these data indicate that GAP domain activity is necessary and sufficient to induce the intrinsic pathway of apoptosis.
To assess the dependence of GAP-induced apoptosis on caspase-3, HeLa cells were pretreated either with caspase-3-specific inhibitor Z-DEVD-FMK (40) or with vehicle (indicated by Mock) for 2 h prior to infection with GAP-expressing ⌬U/T(G ϩ A Ϫ ) or the T3SS-defective mutant strain pscJ. Caspase-3 inhibition by Z-DEVD-FMK significantly protected against the GAP-induced cytotoxicity, indicating that GAP-induced apoptosis is primarily mediated by caspase-3 executioner caspase (Fig. 7) .
GAP Domain Is Sufficient to Induce Apoptosis in HeLa CellsSo far our data indicated that the GAP domain function was necessary for ExoT to induce intrinsic apoptosis, but it remained unclear whether the GAP domain was sufficient on its own to cause apoptosis or whether it could only induce apoptosis as part of the full-length ExoT. To determine whether the isolated GAP domain was sufficient to induce apoptosis, we constructed the pExoT(G ϩ ) mammalian expression vector, which expresses only the GAP domain (amino acids 1-232), as defined (10), or pExoT(G Ϫ ), which harbors the inactive GAP domain, fused to GFP at their C termini (see "Experimental Procedures"). We transfected HeLa cells with these constructs and assessed cytotoxicity by PI staining and IF microscopy, as we described previously (12) . Similar to the GAP-induced apoptosis in the context of the full-length ExoT, ExoT(G ϩ A Ϫ ) (12), transfection with the isolated GAP domain, pExoT(G ϩ ), also resulted in Z-VAD-sensitive apoptosis in nearly 67% of transfected HeLa cells, as opposed to only 18.8% cytotoxicity that occurred in HeLa cells transfected with pExoT(G Ϫ ) (Fig. 8 , p Ͻ 0.0001, n ϭ 64). Of note, the mean time to death (MTD) for pExoT (Gϩ) was 17.1 Ϯ 0.97 h, which is nearly identical to the MTD for pExoT(G ϩ A Ϫ ), which we reported to be 16.2 Ϯ 1.3 h (12). We defined MTD as the time between the appearance of GFP (green), an indicator of transfected gene expression, and the time at which the cell membrane integrity was compromised resulting in the uptake of PI (red) (12) . In our analyses, we only included cells that could be followed for at least one MTD plus one standard deviation from the mean. Combined, these data indicate that the GAP domain of ExoT is sufficient to induce apoptosis. 
Discussion
Previously, we reported that both the GAP and the ADPRT domains of ExoT contribute to ExoT-induced apoptosis in epithelial cells (12) . The ADPRT domain activity transforms Crk adaptor protein into a cytotoxin that induces atypical anoikis apoptosis by interfering with the integrin-survival signaling (13) . However, the mechanism underlying the GAP-induced apoptosis remained unknown. In this study, we demonstrate that the GAP domain of ExoT triggers the mitochondrial intrinsic pathway of apoptosis. Our data show that GAP intoxication leads to: (i) activation and accumulation of Bax and Bid, and to a lesser extent Bim, in the mitochondrial membrane (Fig.  2) ; (ii) loss of mitochondrial membrane potential and cytochrome c release (Fig. 1) ; and (iii) activation of the initiator caspase-9, which in turn activates the executioner caspase-3 (Figs. 4 and 6 ), culminating in cell demise.
GAP-induced apoptosis is fully dependent on caspase-9 activity, as caspase-9 inhibition by Z-LEHD-FMK almost completely blocks the GAP-induced apoptosis (Fig. 5) . In contrast, GAP-induced apoptosis is only partially mediated by JNK activity (Fig. 3) . It is not surprising that JNK inhibition only partially protected cells against the GAP-induced cell death, given that factors other than JNK can also activate the pro-apoptotic Bcl-2 proteins, upstream of caspase-9 activation (34, 36 -38, 41-43) .
Given that the ADPRT domain of ExoT induces cell death with faster kinetics (12) , what possible physiological role could GAP-induced cytotoxicity play for ExoT or P. aeruginosa? One possibility is that in vivo, P. aeruginosa might encounter some host cells that may be resistant to the ADPRT-induced apoptosis. Under such scenarios, the GAP-induced apoptosis may be crucial in overcoming host survival mechanisms. Resistance to ADPRT-induced apoptosis could occur if the target host cell reduces the expression of Crk adaptor protein, which we have shown to be required for the ADPRT-induced apoptosis (13) , or if the target host cell down-regulates the expression of FAS (a 14-3-3 cellular protein), which has been shown to be required for the ADPRT domain activity (19) .
Although the GAP domains of ExoS and ExoT are highly homologous and have been shown to target RhoA, Rac1, and Cdc42 small GTPases (44, 45) , the GAP domain of ExoS has not been shown to contribute to the ExoS-induced apoptosis (46) . This difference could be due to possible differences in the subcellular localizations of ExoS and ExoT within the target host. Another possibility is that the GAP domain of ExoS also induces apoptosis in a manner that is similar to the GAP domain of ExoT. However, because GAP-induced apoptosis occurs with much slower kinetics (ϳ16 h (12)) than the ADPRT domain of ExoS, which kills intoxicated cells within 5 h, the contribution of GAP domain activity to ExoS-induced apoptosis might have been overlooked. In the studies by Kaufman et al. (46) , ExoS-induced cytotoxicity was assessed 5 h after infection. Interestingly, intoxication with ExoS also results in JNK activation and cytochrome c release (47) , which may be signs that ExoS/GAP-induced apoptosis may have been initiated in target host cells. More studies are needed to address the role of GAP in the ExoS-induced apoptosis.
How does ExoT/GAP induce intrinsic apoptosis? We propose that GAP-induced apoptosis occurs as a consequence of GAP inhibitory effect on RhoA (18, 45) . Recent studies indicate that RhoA promotes survival in various biological systems by stabilizing mitochondrial integrity. RhoA has been shown to up-regulate anti-apoptotic Bcl2 expression in T cells (48) . RhoA has also been shown to activate ERK survival pathway in glomerular epithelial cells (49) and to enhance the expression of Erk/Bcl2 survival pathway in zebra fish (50) .
Emerging data indicate that apoptotic programed cell death (PCD) and necrotic PCD are mutually exclusive and do not occur concurrently in the same cell (51) (52) (53) . However, it is not clear whether different apoptotic PCDs can occur simultaneously within the same cell or whether their occurrence is also mutually exclusive. Our data indicate that at least anoikis apoptotic PCD and intrinsic apoptotic PCD can occur concurrently in the same cell, when triggered by ExoT. Within 5 h of exposure, ExoT-intoxicated cells exhibit loss of focal adhesion and disruption of integrin-mediated survival signaling, which are signs of ADPRT-induced apoptosis (13) . At the same time, ExoT-intoxicated cells also exhibit mitochondrial outer membrane disruption and cytochrome c release (12), which we now show, in this study, to be dependent on the GAP domain activity. Combined, the ADPRT and the GAP domains make ExoT into a highly versatile and potent cytotoxin, capable of inducing different forms of apoptosis in target host cells. Author Contributions-S. H. S. conceived and coordinated the study and wrote the paper. S. J. W. and J. W. G. coordinated the study and wrote the paper. S. J. W. and J. W. G. designed, performed, and analyzed the experiments shown in Figures 1 thru 6 . D. B. and S. M. provided technical assistance and contributed to the preparation of the figures. All authors reviewed the results and approved the final version of the manuscript.
